To overcome the problems of structural parametric uncertainty and cable transmission model complexity, a nonlinear controller based on time-delay estimation and fuzzy self-tuning is proposed. The unknown dynamics and disturbances are estimated by time delaying the state of motion immediately before. The control gains are self-tuned by a fuzzy controller, which can reduce the errors caused by system's uncertainties and external disturbances. Compared with the conventional Proportional-derivative (PD) and time-delay control, the result shows that the proposed control scheme based on timedelay estimation can improve the joint trajectory tracking accuracy of cable-driven robot by significantly reducing the control gains. With the PD gains self-tuned by fuzzy strategy, the mean square errors of trajectory tracking are decreased approximately by 5-20% more than the conventional time-delay control with constant gains. In addition, the experimental result shows that the proposed method has an effective inhibitory effect on dead zone in cable-driven joints. Experiment performed on position tracking control of a 2-degree-of-freedom cable-driven robot is presented to illustrate that the controller has the advantages of simple and reliable structure, model-free, strong robustness, and high tracking accuracy.
Introduction
Cable-driven robot usually mounts motor, reducer, and other transmission mechanisms on the base or away from joints, and the motion and force are transmitted by cables between actuator and joint. 1 Compared with the common robots, it has lightweight, low joint inertia, and large payload to mass. Cable-driven robots have been widely applied in various fields, such as industry, medical rehabilitation, bionic hands, and service. [2] [3] [4] [5] It has received great attention of researchers and institutions in recent years. Unlike the gear transmission, the cable itself is flexible. Due to some factors like tensioning or reversal, the tension is time varying during the transmission process, which makes cables more difficult to control. 6 In addition, the winding of cables brings an unknown and complex frictional environment.
Therefore, the precise modeling and control of kinematics/dynamics for cable-driven robot become a hot spot although many difficulties exist. 7 Because the multi-degree-of-freedom (DOF) robot is a strongly coupled nonlinear multiple-input and multiple-output and complex system, other nonlinear factors, such as the cable flexibility and transmission friction, pose the obstacles to the precise modeling and parameter identification. 8 To solve the problem of the uncertainties of system parameters and the difficulty of precisely acquiring dynamics model, the research of high-precision and highspeed control of the cable-driven robot has become a new focus. 9 A method using Gaussian process regression and data cleaning to reduce position and angular errors achieved precise control to a cable-driven surgical robot, Raven II. A H1 methodology with cable tension distribution algorithm was proposed for a vision-based position control of 6-DOF cable-driven parallel robots (CDPRs). 10 Although the methods show good trajectory tracking performance, the identification of kinematic and dynamic parameters is necessary and complex. Besides, Okur provided a full-state feedback nonlinear robust controller for tendon-driven robots in the presence of dynamical parametric uncertainty and additive external disturbances, while much information that the controller requires leads to much complexity.
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To solve the complexity of dynamic modeling and external disturbances, time-delay estimation (TDE) technique provides a good control method. 12, 13 The core of TDE is that the system dynamics at the current moment can be estimated by the last motion state of the closed-loop system, so as to compensate for the various uncertainties and disturbances. 14, 15 It is a model-free control algorithm with simple structure and fast calculation to achieve good effects, and it has been widely applied in various fields. [16] [17] [18] Many TDE-based sliding mode controllers have been proposed to perform high-precision and high-speed control with fast-tracking convergence and smooth motor inputs. [19] [20] [21] [22] To overcome slow data acquisition rate of an autonomous underwater vehicle, an integral sliding mode controller with conventional TDC was used to improve the performance. A continuous fractional-order nonsingular terminal sliding mode based on TDE ensures faster convergence and higher tracking precision under heavy lumped uncertainties.
Based on the abovementioned research studies, considering the structural characteristics and control difficulties of cable-driven robot, it is difficult to adopt a model-based method to control. Therefore, a model-free method based on TDE combined with fuzzy strategy should be developed to realize high-precision tracking control of cable-driven robot.
Dynamic model
The complete dynamical equations of cable-driven robot can be expressed as follows
where J m 2 R nÂn and B m 2 R nÂn are effective moment of inertia matrix and damping matrix of motor and reducer, MðqÞ 2 R nÂn is the mass matrix, Cðq; _ qÞ 2 R nÂ1 is the vector of centrifugal force and Coriolis force, GðqÞ 2 R nÂ1 is the gravity vector, Fðq; _ qÞ is the vector of Coulomb's/viscous friction and other non-rigid effect, t u 2 R nÂ1 is the input torque vector,
is the control torque vector for joints, t s 2 R nÂ1 is the external disturbance, K c and D c are the impedance coefficient matrices, and q and _ q are the angular displacement and velocity of joints, respectively. q and q _ are those of motors, respectively.
The complete dynamical equation of cable-driven robot can be obtained by combining the equations (1), (2), and (3)
Design of controller
Design of proportional-derivative (PD) controller based on TDE
Expression (4) can be rewritten as
where M 2 R nÂn is a constant diagonal matrix. H can be expressed as
which shows that H contains many system parameters in the robotic dynamics. For the cable-driven robot proposed in this article, model-based control algorithms have great difficulty in identifying dynamic parameters. However, once H can be estimated reasonably with appropriate methods, the calculation of equation (5) will be simplified significantly, which can greatly improve the control performance. Introduce a constant gain M, and PD controller based on TDE is adopted for the cable-driven robot with the control law can be expressed by following equations
whereĤðtÞ is the estimate for H in equation (6), q € d is the expected acceleration vector of motors, e ¼ q d À q and _ e ¼ q _ d À q _ are tracking error and its derivative of motors, respectively. K P and K D are both positive diagonal matrices containing PD parameters for each joint. It is worth to mention that constant gain M is not necessarily equal to Mð€ qÞ since M is a constant gain of controller personally chosen.
By combining equations (7) and (8), the following equation can be written as
Assuming thatĤðtÞ¼H, the closed-loop error equation of the system can be obtained with equations (8) and (9): which shows that the closed-loop system is asymptotically stable. Estimated parameters for HðtÞ of TDÊ
where Dt is sampling period of the system. If Dt given too small, Hðt À DtÞ of last sampling period could be used as the true HðtÞ HðtÞ ffi Hðt À DtÞ ð 12Þ
Considering equation (10), the law of TDC can be expressed as
which shows that precision of the dynamic model is mainly depending onĤðtÞ and Dt. Ideally, if Dt ! 0, the equality of equation (12) holds. Control of cable-driven robot based on TDE is illustrated in Figure 1 and the whole control system is divided into two parts: one is a conventional PD controller depending on the feedback error of system; another is a compensator for system based on linear estimation of control targets. In equation (13), M is a constant diagonal matrix and K D and K P are parameters of PD controller. By adjusting the above parameters, the calculation can be fast and simple enough for general high-speed robots. Moreover, the compensator is estimated in real time according to the change of actual external system parameters and guarantees better robustness even for systems with uncertainties.
Actually, the sampling period is unable to approach infinitesimal. Thus, in the case of limited sampling periods, estimation error of H can be derived from equations (9) and (10)
TDE error is defined as
By combining equation (14) into equation (15), the feedback error of the robot under closed-loop control can be expressed as
This equation is related to the control torque. And assume that eðtÞ is bounded, there must be existing a constant a max t eðtÞ < a ð17Þ
As a result, the solution of the differential equation of system error e 0 ðtÞ is bounded as well. Due to the property of the linear system with bounded-input, bounded-output (BIBO), the system can remain stable even estimated parameters are quite different from the real ones. To reduce the disturbance caused by estimation error and improve robustness of the system, a fuzzy PD controller is then designed.
Design of fuzzy PD controller based on TDE
Based on the PD controller with TDE, a fuzzy PD controller for parameter self-tuning is designed as shown in Figure 2 .
Fuzzy field of input and output variables and values of linguistic variables
Deviation e between encoder and expected joint angle and deviation rate _ e are used as inputs of the fuzzy controller, Kp and Kd are used as outputs. The basic domain of e, _ e, Kp, and Kd is [À3,þ3]. By normalization, the basic domain of the input and output is discretized and described as fuzzy linguistic variables. According to this, e, _ e, Kp, and Kd can be described as fNB, NM, NS, ZO, PS PM, PBg. 
Membership function
Membership function has a certain effect on control of the system. The steeper and higher resolution the membership function graph is, the higher control sensitivity it has; the milder and lower resolution it is, the better stability the system has. Considering the sensitivity and robustness of control, membership functions are composed of Gauss functions and triangle functions as shown in Figure 3 .
Establishment of fuzzy rules
The fuzzy PD controller calculates Kp and Kd with input variables by fuzzy rules. The fuzzy rules of Kp and Kd are listed in Tables 1 and 2 and their surfaces are shown in Figure 4 . The fuzzy PD controller of cable-driven robot uses Mamdani-type fuzzy inference. [23] [24] [25] [26] The accurate values of output are calculated by area center algorithm. Convert the solution of DKp obtained by fuzzy inference to output domain using quantification factor, and one new set of Kp and Kd is calculated which can be used as new control gains in next moment.
Simulation and experiment

Simulation
Control simulation of 4-DOF cable-driven robot by SimMechanics is presented. The parameters are listed in Table 3 .
Some parameters of the above PD controller are appropriately tuned. And for the convenience of comparison, parameters of the two controllers based on TDE are kept same. The results of joint tracking errors of the three control strategies are shown in Figure 5 . The max absolute errors (MAE) and mean square errors (MSE) and quantization errors of joints are calculated in Table 4 . According to the results listed in Table 4 , TDC has greater advantage than the conventional PD controller. To meet trajectory tracking with high precision, higher gains are needed for the conventional PD controller with slower convergence of errors. However, TDC is able to significantly optimize the trajectory tracking with smaller PD gains and faster convergence. Moreover, its errors are optimized 3 times better than PD controller and can fulfill the requirement of high precision. Furthermore, besides advantages of TDC, a fuzzy controller with parameter self-tuning can adjust control gains in real time. The errors are reduced 5-20% and more.
Simulation above shows that TDE-based controllers have better trajectory tracking performance and reliability than the conventional PD controller with lower gains, higher precision and faster convergence. That parameter self-tuning fuzzy controller can improve the dynamic performance and robustness of the system and enhance the ability of anti-interference.
Experiment
Experiments are carried out with two-joint cable-driven robot. Trajectory tracking results of the two joints under three control strategies are shown in Figure 8 , the tracking errors are shown in Figure 9 and the motor inputs are shown in Figure 10 . The mean error, max error, and mean square error of the two joints are calculated in Table 5 .
According to the above data, TDC and fuzzy TDC with parameters self-tuning are better than the conventional PD controller. And benefiting from parameter self-tuning, the latter owns more advantages. Self-tuning PD parameters of joint 3 and joint 4 are shown in Figure 6 .
Set the TDC as a reference (set to 100%), the relative percentages of MSE of joints 3 and 4 under conventional PD are 872.8% and 948.9%, respectively. Results of Fuzzy TDC are 91.0% and 85.4%, respectively. The relative percentages of mean error have the similar conclusion. As shown in Figure 7 , error of the conventional PD controller has larger dead zone of backhaul when joints reverse their moving direction. The reason is, although tensioner has been adopted, the cables still get a slight stretch caused by its flexibility when the robot works. When cabledriven robot reverses its moving direction, the direction of internal tension in cables interchanges, and as a result, small dead zone exists. Backhaul dead zones of two joints are shown in Figure 8 . Compared with the other two methods, TDE-based controllers are more robust with smaller angle error while backhaul dead zone appearing.
Conclusions
A nonlinear control technique based on TDE with fuzzy self-tuning is proposed, which can estimate the unknown dynamics parameters by the last motion state, and reduce the errors caused by system uncertainties and external disturbances. The method is simple and reliable in structure and has little dependence on the system model. The calculation of the complex dynamics for cable-driven robot can be avoided. Besides, it has the advantages of high trajectory tracking accuracy and strong robustness. The parameters self-tuned by fuzzy controller can adjust control gains dynamically to the change of the system model under estimation error and external disturbances. Compared with conventional TDC and PD controller, the simulation and experiment results show that the method based on TDE can improve the trajectory tracking accuracy of cable-driven robot while reducing the control gains significantly. Combined with the gains selftuned by fuzzy controller, the MSEs of trajectory tracking are further reduced by 5-20%.
Furthermore, it can be found from experiments that the traditional PD controller has certain insufficiency of the dead zone brought by the cable driven when the joint rotation reversing, while the controller based on TDE has an effective inhibition effect. The result shows that the proposed method can meet the requirements of practical application, which further confirms the advantages of validity and robustness.
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